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The presence of coarse grained sediment can potentially reduce the 
effectiveness of conventional sampling methods in recovering fluvial sediments. A 
modification to freeze-core technology was used to collect fine grained sediments for 
the purpose of characterizing the extent of heavy metal contamination in fluvial 
deposits that contain significant amounts of coarse-grained material such as cobbles 
and boulders. This material greatly reduces the effectiveness of conventional sampling 
methods. This method uses 2.5-cm and 2.9-cm diameter by 30-cm long finned 
samplers that were mechanically- and hand-driven into the ground. The sediment is 
frozen to the outside of the sampler by injecting liquid CO2 into the sampler and the 
fins protect the sample from coarse material upon removal. Field and laboratory 
testing of the method was completed to establish a methodology and assess possible 
cross contamination of the sediment layers during the driving of the sampler. The 
testing indicated that for any sampling location, two offset boreholes with sampling 
intervals of 0.6 m should be used and samples should be collected from the lowest 
section of the sampler to reduce vertical cross contamination to within acceptable 
amounts. The field testing indicated that the optimum injection time for liquid CO2 
was equal to or less than 1.5 min to optimize liquid CO2 usage and sample size. The 
removal of the sampler from coarse material may ultimately limit sample size when 
CO2 times are increased. The larger sampler had a much higher success rate in 
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The streams and rivers that drain the Tri-States Mining District in southwest 
Missouri, southeast Kansas, and northwest Oklahoma and the Southeast Missouri Mining 
District in Missouri have been impacted by years of lead and zinc mining. Tailings piles 
can be seen throughout the two mining districts; many of which have not been stabilized. 
Figure 1.1 shows examples of these tailings piles from the Tri-State Mining District in 
Picher, Oklahoma. Heavy metal contamination in streams and rivers can have adverse 
effects on aquatic wildlife (Schmitt et al. 2005). Schmitt et al. (2005) found that fish in 
Spring River and Neosho River in the Tri-States Mining District had elevated blood lead 
concentrations accompanied by a decrease in activity of the enzyme δ-aminolevulinic 
acid dehydratase (ALA-D) which is involved in heme synthesis and is inhibited by lead. 
In addition, Angelo et al. (2007) observed the speciation of mussels in the Spring River 
and discovered that the number of species found downstream of the Tri-States Mining 
District was considerably less than the number of species found upstream of the mining 
area. This decrease also corresponded to elevated concentrations of lead, zinc, and 
cadmium in the water, sediment and mussel tissue.  
Many of the same trends have also been observed in the Southeast Missouri 
Mining District. Schmitt (1982) found elevated residues of lead, zinc, and cadmium in the 
algae, plants, crayfish, mussels and fish of Big River downstream of mining areas. Gale 
and Adams (2002, 2004) found elevated levels of lead, zinc, cadmium, and copper in 
sediments and fish at sites along Big River and Flat River. The mussel population along 
Big River also displayed a similar response to the increase in heavy metals  as population 




Figure 1.1.  Tailings piles of the Tri-States Mining District in Picher, OK 
 
  
 Ecosystems in other areas have also been affected by heavy metal contamination 
from past and present mining activities. Research has found elevated levels of heavy 
metals in surface sediments in the Hunhe River in northeast China (Guo and He 2012). 
Farag et al. (1998) also reported that heavy metals from mining areas were found in 
sediment and biofilm along the Coeur d’Alene River in Idaho.  
 Larger animals, such as birds and waterfowl, have also experienced adverse 
effects from heavy metal contamination in rivers and streams. American Robins, 
Northern Cardinals, and waterfowl have been shown to have elevated levels of lead 
concentrations in tissues (Beyer et al. 2004). Van der Merwe et al. (2011) studied 
migratory Canadian Geese populations found at contaminated sites in the Tri-States 
Mining District and concluded that elevated concentrations of lead were found in tissues 
of geese as well as decreased activity of ALA-D. These studies show that the effects of 
contamination are not limited to aquatic animals. 
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 Heavy metal contamination is also a danger to humans. Big River, Spring River, 
Center Creek, Turkey Creek, and Shoal Creek are popular sources of recreation for the 
local community. Lead and other heavy metals are toxic to humans and cause a variety of 
health problems depending on the metal. Some of those problems include cancer, 
neurological effects, birth defects and liver damage (Järup 2003). Lead is especially toxic 
to children and can harm their neurological development. Many studies have shown 
correlations between lead exposure and intellectual function (Bellinger et al. 1992; Koller 
et al. 2004; Lanphear et al. 2005; Jusko et al. 2008).  Bellinger et al. (1992) completed 
studies that have tracked the lead levels in children while their intellectual function was 
monitored with intelligence tests. Other studies have linked lead exposure in children 
directly to lead mining and processing (Murgueytio et al. 1998; Pruvot et al. 2006). In 
addition, Murgueytio, Evans et al. found elevated blood lead levels in children within the 




2. SAMPLING COHESIONLESS FLUVIAL SEDIMENTS 
 Sampling the sediment of these rivers and streams is important to characterize the 
extent of contamination of Missouri waterways. Many studies have been done to 
determine the linear extent of contamination of affected waterways. Pope (2004) 
collected sediment samples in Spring River, many of its tributaries and Empire Lake to 
determine the metal concentrations of bed sediments. He collected only fine material 
from the upper two cm of sediment using a plastic hand scoop. The well-established and 
accepted methods to collect soil samples at depth include the use of a heavy-wall sampler 
such as a split-spoon and piston sampler (Coduto 1999). These sampling methods may 
not recover representative samples from loose saturated cohesionless sediments. Loose, 
saturated sediments can fall from the opening of the sampler as it is removed (Murphy 
and Herkelrath 1996). Coarser material, such as in Figure 2.1, can also block the opening 
of the sampler, preventing sediment from feeding into the tube.  Zapico et al. (1987) used 
a piston sampler in conjunction with a hollow stem auger to collect saturated 
cohesionless sand and gravels to depths of 34 m. They reported an average core recover 
of 88% and suspected that cobbles sized material may have been responsible for blocking 
the opening of the sampler. Pavlowsky et al. (2009) used a 7.6-cm by 91.4-cm bucket 
auger that was driven and recovered by a truck-mounted Giddings coring rig and were 
able to collect sediment cores to a maximum depth of 1.8 m. Sample recovery was 




Figure 2.1.  Coarse gravel bed on Turkey Creek near Joplin, MO 
 
 
In-situ ground freezing is an effective tool in the recovery of saturated 
cohesionless sediments (ASCE 2000). The method involves drilling a series of boreholes 
around a central location. Coolant is circulated through the boreholes, freezing the 
surrounding soil.  A core is then extracted from the frozen soil with a conventional 
double- or triple-tube core barrel equipped with a diamond or tungsten bit. This method 
for collecting undisturbed samples is not practical for larger areas that may include 
several kilometers of channels and multiple tributaries impacted by heavy metal 
contamination. 
 In another application of the freeze-core method, Lisle and Eads (1971) used 
freeze core technology to study salmon spawning gravels. They inserted one or more 
hollow rods into sediment and circulated liquid nitrogen or liquid carbon dioxide (CO2) 
into the hollow rods,  freezing the surrounding sediment to the outside of the rods, and 
the rods and sediments were then removed. Using this method, Lisle and Eads were able 
to collect relatively shallow cores to depths of 0.5 m. Figure 2.2 shows the conceptual 




Figure 2.2.  Conceptual diagram of freeze-core method used by Lisle and Eads. They 
used one or more rods that froze a bulb shaped mass of sediment onto the rods 
 
 
 Murphy and Herkelrath (1996) developed a core barrel capable of freezing the 
sample within the barrel. This method uses a modified piston sampler with a tube that 
delivers liquid CO2 to the mouth of the sampler, similar to that shown in Figure 2.3. The 
sampler is driven to the required depth and the piston removed. The sampler is then 
driven the length of the sampler and liquid CO2 is then injected. After 10 minutes of 
liquid CO2 circulating around the mouth of the sampler, the sediment at the end of the 
core barrel freezes and creates an ice plug that traps the sediment in the sampler. Murphy 
and Herkelrath did have success collecting saturated sediments; however, they did report 
that the equipment was unable to freeze sediments below six m and attributed this to 













Figure 2.3.  A modified core barrel similar to Murphy and Herkelrath’s. This core barrel 
was used to collect sediment samples in Big River in 2011 
  
 
 When the purpose of a study is to determine the depth of heavy metal 
contamination, samples recovered from depths greater than 0.5 m and 1.8 m as 
documented by Lisle and Eads (1971) and Pavlowsky et al. (2009) will increase the 
available data on that particular study area and will, in turn, help researchers better 
understand the extent of contamination. Research described in this thesis investigates the 
feasibility of a sampling method that is used to collect sediment samples in coarse-
grained material for the purpose of determining vertical distribution of heavy metal 
concentrations. The sampler was designed to effectively recover sediment samples from 
sediments that contained significant amounts of gravel, cobbles and boulders. These 
sediments typically reduce the recovery of conventional sampling methods as described 
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by Zapico et al. (1987). Like the tools described by Lisle and Eads (1971) and Murphy 
and Herkelrath (1996), the method presented in this paper also uses freezing techniques 




3. OBJECTIVES AND GOALS  
 The goal of this research was to determine the feasibility of the modification to 
the freeze-core method for collecting fine, fluvial sediments in material that contains 
significant amounts of gravel, cobble and boulders.  In order to establish the efficacy of 
this new method, several objectives were developed. These objectives include: 
 assessing the vertical cross-contamination between sediment layers through field 
and lab studies; 
 determining the sample recovery efficacy through field studies; 
 developing a methodology to minimize cross-contamination contamination; and 
maximize sample recovery 
Establishing the effectiveness of this new freeze-core method will not only validate its 
usefulness as a technique in the recovery of fine, fluvial sediments but will aid in the 
improvement of its implementation in field studies.  
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4. FIELD STUDY 
 A field study was used to determine the feasibility of this new freeze-core method 
in field conditions by identifying optimum sampler size and injection times for liquid 
CO2 through the collection of saturated cohesionless sediment samples at various depths 
and locations. 104 samples were collected from seven different gravel bars on Spring 
River, Center Creek, Turkey Creek, and Shoal Creek in the Tri-States Mining District.  
 The sampling equipment used in this study consisted of a hollow, finned sampler 
affixed to the driving rods of direct push sampling equipment. Two different diameter 
samplers which consisted of a large, 2.9-cm diameter, 3.0-kg sampler and a smaller, 2.5-
cm diameter, 2.2-kg sampler were used in this study.  
  The sampler was driven either by mechanical- or hand-driven-methods. 
The hand method required a fence post driver to hammer the sampler to the required 
depth and is shown in Figure 4.1. The mechanical method required direct push sampling 
equipment and used the weight of the rig and hammering action to push and hammer the 





Figure 4.1.  A photograph of the hand driven method using a fence post driver to drive 








Figure 4.2.  The mechanical-driven method which forces the sampler down by direct 
push and hammering action 
 
 
 Once the sampler was at the required depth, a 0.3-cm stainless steel or copper 
tube was inserted into the hollow rods. It was positioned so that the opening of the tube 
was centered within the finned sampler. Liquid CO2 was then injected into the sampler 
for 1 to 4 min as shown in Figure 4.3. A needle valve was spliced into the insertion tube 
to keep the rate of liquid CO2 injection identical for each tank despite any differences in 
the valves on the tanks used in the study. The valve on the tank was fully opened and the 
opening of the needle valve was consistently opened ¼ of a turn. Twenty-three-kg and 
nine-kg tanks were used depending on availability of the CO2 tanks. Nine-kg tanks of 
CO2 were preferred due to the lighter weight which made transport and handling of the 
tanks easier. An important factor when choosing tanks is the addition of a siphon tube 
which extends to the bottom of the tank into the liquid portion and allows only the release 
of liquid CO2. For tanks without siphon tubes, tank inversion may have similar effects 
and increase the liquid CO2 portion in the stream. The change in phase from liquid to gas 
takes heat from its surroundings and freezes the sediment. Larger tanks, such as the 23-kg 






Figure 4.3.  The liquid CO2 injection process where liquid CO2 is released from the 
inverted tank and travels through the insertion tube to the sampler 
 
 
After the freezing process, the sampler was immediately recovered from the 
subsurface. For samples driven by hand-driven means, a fence post puller was then used 
to retrieve the sampler. For samples driven by mechanical means, the sampler was 
removed by the pulling action of hydraulic cylinders. Figure 4.4 shows removal of the 






Figure 4.4.  Removal of the sampler by hand with the fence post puller 
 
 
The sediment that was frozen between the fins of the sampler was then rinsed 
with de-ionized water to remove any particles that may have attached to the sampler 
during the recovery by scrapping the sample off and into a steel pan. The remaining 
particles were then rinsed into the pan using de-ionized water. Figure 4.5 shows a typical 






Figure 4.5. A typical recovered sediment sample with the sediment frozen between the 
fins using the freeze-core method 
 
 
 For each sample, the date, time, depth, depth of static water level and the amount 
of time that the liquid CO2 was injected into the sampler was measured and recorded. The 
depth of the static water level was measured by digging down to static water level and 
measuring the depth of the water from the surface.  In some instances, the surface of the 
gravel bar was not easily penetrated with a shovel or the static water level was very deep. 
In these cases, the static water level was determined by assuming the level based on the 
water surface in the channel. A surveyor’s rod and eye level was used to measure the 
difference in the elevation of the sampling location and the water level in the channel. 
The sample was then stored in double-labeled, Ziploc
® 
bags. Samples were stored in the 
laboratory and allowed to air dry. Once the samples were dry, the initial mass was 
recorded and sieved using one break at two mm. The two fractions were placed in 
separate labeled Ziploc
® 
bags and their masses were recorded.  
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5. LABORATORY STUDY 
 The laboratory study was completed to determine amount of cross-contamination 
that may be present in any given sample and identify techniques to reduce cross-
contamination. The addition of a clear, plastic pipe was used to hold alternating layers of 
engineered sediment of known metal concentrations, and three experiments were 
completed using identical layering. Commercially available engineered sand and gravel 
was used to represent fluvial sediments including white 10-20 Filtersil® filter sand, 
Quikrete® all-purpose sand, and Quikrete® all-purpose gravel mixture. The grain-size 
distribution of the Quikrete® all-purpose sand and Quikrete® all-purpose gravel met the 
grading criteria set by the ASTM C33, Standard Specifications for Concrete Aggregates 
(ASTM C33). Reagent-grade, fine, granular, black copper oxide from Alpha Chemicals 
and fine, granular zinc from Pyro Chem Source was used to spike the filter sands.  A 
2007 Thermo Niton XL3t 600 XRF instrument (Niton, Boston, MA) was used to identify 
the copper and zinc concentrations in the samples.  The concentration of copper in the 
spike filter sand was measured as 5,000 ppm, and the concentration of zinc in the other 
spiked filter sand was measured as 16,000 ppm.  All sediments were tested with the XRF 
to determine matrix blank concentrations. The all-purpose sand and all-purpose gravel 
were mixed in equal measures (volumetrically) to represent fluvial sand and gravel. The 
first clean sand and gravel layer was from 0 cm to 30.0 cm below the top of the pipe. A 
0.6-cm thick tracer layer of sediment with a zinc concentration of 16,000 ppm was from 
30.0 cm to 30.6 cm. Another layer of clean sediment mixture was from 30.6 cm to 60.6 
cm. A 0.6-cm thick tracer layer of sediment with a copper concentration of 5,000 ppm 
was from 60.6 cm to 61.2 cm. Tap water was used to saturate the columns prior to the 
deposition of each layer. The remaining section of pipe, from 62.2 cm to 122.0 cm, was 
filled with the clean sediment mixture. Figure 5.1 shows the process of filling the clear 






Figure 5.1.  Laboratory experimental setup showing the pipe filled with alternating layers 
of clean and spiked sediment 
 
 
Composite samples were collected at 7.6-cm intervals along the sampler. Samples 
were also collected at intervals of 7.6 and 15.2 cm along the drive rods. Sampler depth 
was increased in each successive experiment to 90.5 cm, 98.7 cm, and 114.8 cm from the 
top of the pipe. Only drive rods and the 2.9-cm finned sampler were used in this 
experiment. For each experiment, liquid CO2 was injected for 1 min at 7.6 cm, 2 min at 
15.2 cm, and 1 min at 22.9 cm from the bottom of the sampler. This was to ensure a long, 
even freeze along the shaft of the sampler. After the freezing process, the sampler was 
removed from the sediment column and rinsed to remove sediment particles that may 
have attached during recovery. The sampler was then laid over a series of plastic trays 
and the sediment was allowed to melt as shown in Figure 5.2. As the melting occurred, 
the sediment fell into the trays directly below. The trays were then allowed to air dry in 
the lab. Processing was the same as in the field study as the samples were scanned three 
times using a 2007 Thermo Niton XL3t 600 XRF instrument shown in Figure 5.3. 
Arithmetic means were taken from the three scans as a best representation of the metal 





Figure 5.2.  The sampler lying over plastic trays. As the sediment melted, it would fall 




Figure 5.3.  The 2007 Thermo Niton XL3t 600 XRF instrument was used in conjunction 
with Thermo Niton’s “Portable Test Stand” for elemental analysis of the samples 
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6. PRELIMINARY EXPERIMENTS 
 Preliminary experimentation was carried out extensively in order to provide a 
strong foundation for a feasibility study. Initial experimentation began by auguring three 
30.5-cm diameter by 0.9-m deep holes which were filled with sand and saturated with 
water. Several days were spent collecting freeze-core samples with this modified 
technique for the purpose of gaining a better understanding of the operation and 
methodology. The equipment was also used for one day on a local gravel bar for 
experimentation in field conditions.   
 An early experiment was completed to produce a model that visually shows 
vertical displacement of the sediment during the driving process. A 20-cm wide by 1.8-m 
long pipe was cut to create a door that could be removed as shown in Figure 6.1. The pipe 
was filled with Quikrete® all-purpose sand with the exception of a thin 1.5 cm layer of 
blue chalk to representing the contaminate and the sampler was driven through the 
sediment column. The pipe was then laid on its side with the door facing up as shown in 
Figure 6.1. The door was then opened to expose the sediment. The sediment was brushed 
away to see the extent that the chalk was displaced through the sediment column as 
shown in Figure 6.2. The experiment was used only for the purpose of creating a visual 
representation of sediment layer displacement. The experiment lacked several 
characteristics found in field conditions when using this method such as saturation and 









Figure 6.2.  A physical model showing sediment displacement during the driving process 
 
 
Laboratory experimentation was also done to test the variability of sample sizes in 
controlled conditions over the life of a single tank. A 22.7-L bucket was filled with 
Quikrete® all-purpose sand. Holes were drilled in the bottom of the bucket to allow water 
flow. Tap water was continuously circulated through the sediment column within the 
bucket from the surface, as shown in Figure 6.3, which kept the sediment at a constant 




Figure 6.3.  The experimental setup for testing the variability of sample size during the 
life of a single CO2 tank 
 
 
The sampler was inserted into the sediment column and liquid CO2 was injected 
for 1 min. The sample was then recovered and the length and diameter of the sample, 
date, time, outside air temperature, and the sediment temperature before freezing and 
after freezing was recorded by using a Beckman Multi-meter. The recovered samples 
were placed in thin cardboard containers and allowed to air dry. The dry masses were 
then recorded as shown in the Appendix A. Further testing was done using the same 
method to compare various sampler designs. This data can be found in Appendix A also.  
During the field study, an early experiment similar to those done in the laboratory 
was completed using actual mine tailings. A 20.3-cm diameter by 0.8-m long plastic pipe 
was filled with clean Quikrete
®
 Premium Play Sand® (No. 1113) with the exception of a 
layer of fine tailings from 30.5 cm to 6.1 cm from the top of the pipe as shown in Figure 
6.4. The 2.5-cm sampler was hammered through the entire sediment column using a 
sledge hammer and liquid CO2 was injected into the sampler for 1 min. The sampler was 
removed and the two samples were scraped from the sampler as shown in Figure 6.5. One 
23 
 
sample was taken from the lower 15.2 cm and from the upper 15.2 cm of the sampler 









Figure 6.5.  Frozen sediment sample from mine tailings experiment. 
 
 
XRF analysis of the sand found that lead and copper were all below the minimum 
level of detection as shown in Table 6.1. The average elemental concentrations in the 
tailings material was 300 ppm for lead, 7,720 ppm for zinc, and 40 ppm for copper. The 
control sand was below detection for lead, zinc, and copper and lead and copper were 
both below detection for both samples collected on the sampler but zinc was detected at 
concentrations of 49 ppm at 76.2 cm to 61.0 cm and 66 ppm at 61.0 cm to 45.7 cm from 
the top of the pipe indicating negligible (0.8 and 0.6%) cross-contamination from the 









Table 6.1.  Results of the sediment displacement experiment using mine tailings 
 
Sample Intervals from the Top 







Pb (ppm) Zn (ppm) Cu (ppm) 
T1 61 45.7 ND(13) 49 ND(35) 
T2 76.2 61 ND(13) 66 ND(35) 





7. RECOMMENDATIONS FOR FUTURE WORK 
This study examined the displacement of sediments in a controlled experiment 
using freeze-core technology. It was determined that minor displacement does occur at 
shallow depths. Many of the field samples collected in this study were collected at depths 
much greater than the depths that were investigated in the laboratory.  Little is understood 
about how the increased pressures at lower depths would affect the sampler and soil 
interaction. One method to better understand this process would be a similar laboratory 
experiment on a larger scale. This would require an excavated hole in clay material using 
a backhoe or large diameter auger. The excavation would be used as the container for the 
sediment rather than the plastic tube. The overall excavation would be filled with clean 
sediment containing a significant amount of coarse material as this technique is designed 
for use in coarse material. Two sediment layers with different concentrations and 
separated by several feet of clean sediment are recommended. The minimum vertical 
sampling interval within the same borehole should be equal to or greater than 0.6 m. To 
obtain samples at a finer scale, offset boreholes should be used. This will allow for 
sampling at finer intervals without substantial vertical cross-contamination. Once the 
sample is frozen and recovered it should be processed and scanned using XRF analysis. 




8. RECOMMENDATIONS FOR APPLYING FREEZE-CORE TECHNOLOGY  
Tank size is very important when considering portability. During this research 23-
kg and 9-kg tanks were used and it was found that smaller tanks are easier to handle and 
can be carried into gravel bars that are difficult to access and work well for use with the 
hand-driven method. When using the smaller tank it is important to know if the tank has a 
siphon tube. As mentioned earlier, the siphon tube extends from the valve to the bottom 
of the tank. This forces liquid CO2 from the tank rather than air. If the tank has no siphon 
tube it must be inverted to force liquid out. This is relatively simple with nine-kg tanks 
but larger tanks must be equipped with a siphon tube as they are too heavy to be inverted.  
The exhaust of the CO2 cannot be obstructed as an obstruction in the rods or 
sampler may cause a buildup of ice and block the exhaust. This can cause a buildup of 
pressure and ejection of the insertion tube from the sampler and may be a danger for 
anyone standing nearby.  
Teflon tape should be used to seal the rods and sampler at the connections to 
prevent water infiltration. Water ejecting from the rods indicates that the seal may be 
broken. Water circulating through the sampler may increase the temperature and decrease 
the sample size.  
A sampler should be fabricated so that it is smooth and allows grains to freely 
slide along the shaft. Sharp edges or corners may trap sediment before the sampler is 
driven to the target depth and may increase the chances for cross-contamination of the 
sample.  Figure 8.1 shows an early sampler that did not exhibit the smooth qualities of an 




Figure 8.1.  Picture of an early prototype of the freeze-core sampler  
 
 
The sampler and rod size used in this research worked very well. The rods were 
manufactured by Geoprobe
® 
for the purpose of direct push, soil sampling. They are 
extremely robust and were able to withstand weeks of driving through coarse-grained 
sediment. Early in the research, the author attempted to use 2.5-cm diameter, black iron 
pipes but these pipes did not last through the first sampling attempt. The threads became 
stripped from the hammering action required to drive them. For shallower depths and 
finer material, iron pipes like these may work but may not be viable for the depths and 
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The presence of coarse grained sediment can potentially reduce the effectiveness of 
conventional sampling methods in recovering fluvial sediments. A modification to 
freeze-core technology was used to collect fine to coarse sands, silts and clays in fluvial 
deposits that contain significant amounts of gravels, cobbles, and boulders for the 
purpose of characterizing the extent of heavy metal contamination. This modification 
uses either a 2.5 cm or 2.9 cm diameter by 30 cm long finned mechanical or hand driven 
samplers. The sediment is frozen to the outside of the sampler by injecting liquid CO2 
into the sampler. The fins protect the sample from coarse material upon removal. Field 
testing and laboratory testing of the method was completed to establish a methodology 
and assess possible cross contamination of the sediment layers during the driving of the 
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sampler. The results indicated that this method is effective for recovering non cohesive 
sediment samples at depths up to 6 m for the purpose of characterizing the extent of 
heavy metal contamination.  
 





 Tailings and mine wastes in the Tri-State Mining District of Missouri, Kansas and 
Oklahoma and the Southeast Missouri Lead District have been sources of heavy metal 
contamination in the surrounding rivers and streams. The elevated levels of heavy metals 
present many environmental problems. The rivers and streams are home to various forms 
of aquatic life that can be sensitive to increases in heavy metal concentrations in the 
water and sediment. Studies have found elevated heavy metals in aquatic creatures in 
Missouri’s  Big River ecosystem (Overmann and Krajicek 1995; Roberts et al. 2009; 
Schmitt et al. 1984; Schmitt and Finger 1982) and the Spring River and its tributaries 
(Angelo 2007; Schmitt et al. 2005).  Heavy metal contamination in rivers and streams is 
also problematic in other parts of world as demonstrated in other studies (Guo and He 
2012; Xiao et al. 2009; Farag et al. 1998; Miller 1997). Other studies have found that 
larger animals, such as wild birds, also have elevated levels of heavy metals (Beyer et al. 
2004; Van Der Merwe et al. 2011). Rivers and streams are also a popular source of 
recreation for visitors of all ages. Lead and other heavy metals are toxic to humans and 
can cause a variety of health problems such as cancer and liver damage (Järup 2003). 
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Lead is especially toxic to younger children and can harm their neurological 
development. Many studies have shown correlation between lead exposure and 
intellectual function (Lanphear et al. 2005; Bellinger et al. 1992; Jusko et al. 2008; Koller 
et al. 2004) while other studies have linked lead exposure in children to lead mining and 
processing (Murgueytio et al. 1998; Pruvot et al. 2006).  
 The collection of sediment samples allows researchers to characterize the nature 
and extent of heavy metals, including lead, contamination. Heavy-wall samplers such as 
the split spoon and piston samplers are a traditional method of recovering soil samples at 
depth (Coduto 1999). These samplers may not yield representative samples from loose 
saturated sediments. As the sampler is removed, the loose saturated sediments and fluid 
can fall from the sampler upon removal  (Murphy and Herkelrath 1996). The openings of 
these samplers can also become blocked by material larger than the diameter of the 
opening of the sampler. Zapico et al. (1987) sampled deep sediments by using a piston 
sampler that was used in conjunction with a hollow stem auger.  They recovered 
saturated cohesionless sands and gravels at depths down to 34m with an average core 
recovery of 88%. Pavlowsky et al. (2009) used a 7.6 cm by 91.4 cm bucket auger to 
obtain core samples in the Big River in southeast Missouri. The cores ranged from 1.0 m 
to 1.8 m in depth. This method was limited to dry shallow depths as the depth of the 
sediment in the Big River can be as deep as 4.3 m. 
 In-situ ground freezing is an accepted practice for sampling cohesionless 
sediments (ASCE 2000) but this is not practical for large areas impacted by heavy metal 
contamination which can consist of a river and many tributaries. Lisle and Eads (1971) 
used freeze core technology to study salmon spawning gravels. This method required a 
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hollow rod being pushed to a shallow depth and liquid nitrogen or liquid carbon dioxide 
(CO2) was circulated through the hollow rod allowing sediment to freeze in place to the 
outside of the rod. They were able to recover samples to depths of 0.5 m using this 
method. Murphy and Herkelrath (1996) were able to core cohesionless sediments by 
developing a core sampler that delivers liquid CO2 to the opening of the core barrel. After 
10 minutes of liquid CO2 circulating around the mouth of the sampler, the sediment in the 
end of the core barrel freezes and creates an ice plug that traps the sediment in the 
sampler.  
 This paper presents a method to collect sediment samples for the purpose of 
determining the heavy metal concentration at depths greater than 1.8 m maximum 
documented in Pavlowsky et al. (2009).  These greater depths may be required to 
characterize the nature and extent of contamination. The sampler is also designed to be 
effective in streams and rivers that contain large amounts of coarse gravel, cobble, and 
boulder sized material where coarse material can greatly reduce the recovery of 
traditional core samplers as described by Zapico et al. (1987).  Like the tools described 
by Lisle and Eads (1971) and Murphy and Herkelrath (1996), the method presented in 
this paper also uses freezing techniques to collect grab samples from non-cohesive fluvial 
sediment deposits.  The objectives of this project are to use a freezing sampling technique 
to collect a useable sample volume recovery from GW, GP, GM, and GC soils as 
classified by the United Soil Classification System (ASTM D2487) in saturated 
conditions, to evaluate the potential for cross contamination of the samples under 
controlled laboratory conditions, and to characterize the feasibility of the technique under 




Methods and Materials 
 The work was performed in two phases: a laboratory phase which focused on the 
characterization of potential vertical cross-contamination, and a field phase which 
focused on the feasibility of the sampling technique with an emphasis on the parameters 
which could impact the mass of sample recovered. 
Sampler Description 
 The sampler is a smooth, finned, hollow tube affixed to hollow driving rods 
which can be mechanically or hand driven into the ground. As the sampler pushes 
through the soil, it displaces gravel, cobble, and boulder size material. Liquid CO2 is 
injected into the hollow sampler. As the liquid CO2 evaporates, the reduction in 
temperature causes the saturated sediment to freeze in place to the outside of the sampler 
between the fins.  Two diameters of samplers, 2.5 cm and 2.9 cm, were fabricated as 
shown on in Figure 1. 
The 2.9 cm sampler was made from a 30 cm section of direct push soil sampling 
drive rod, and fins were welded along the shaft. The 2.5 cm sampler was made from a 1.2 
m section of sampling drive rod, and 30 cm long fins were welded along the bottom of 
the rod. To prevent water from entering the sampler, the threads of the sampler and 
connecting drive rods were wrapped with Teflon tape. A 0.3 cm diameter stainless steel 
or copper tube that was threaded through the drive rods and connected to a CO2 tank was 




The laboratory study was conducted as quality control measures for larger studies 
done by the U.S. Geological Survey. A bench-scale investigation was conducted to 
characterize the potential for vertical cross contamination under controlled conditions.  
Granular material of different sizes was layered in a vertical clear plastic pipe 25.4 cm in 
diameter and 1.2 m tall.  Copper and zinc were added to two thin layers to serve as 
surrogates for heavy metals more commonly of interest in environmental investigations.  
The experiments were loosely based on work by Lisle and Eads (1971) where the object 
of their investigation was to characterize the representativeness of sampling in terms of 
grain size distribution. 
Commercially available engineered sand and gravel was used to represent alluvial 
sediments including white 10-20 Filtersil® filter sand, Quikrete® all-purpose sand, and 
Quikrete® all-purpose gravel mixture. The grain size distribution of the Quikrete® all-
purpose sand and Quikrete® all-purpose gravel meet the grading criteria set by the 
ASTM C33, Standard Specifications for Concrete Aggregates. 
Reagent gradefine granular black copper oxide from Alpha Chemicals and fine 
granular zinc from Pyro Chem Source was used to spike the filter sands.  A 2007 Thermo 
Niton XL3t 600 XRF instrument was used to identify the copper and zinc concentrations 
in the samples.  The concentration of copper in the spike filter sand was measured as 
5,000 ppm, and the concentration of zinc in the other spiked filter sand was measured as 
16,000 ppm.  The unspiked filter sand was tested with the XRF to determine matrix blank 
concentrations, and the results were non-detect of copper at the detection limit of 35 ppm 
and non-detect of zinc at the detection limit of 25 ppm . Results of the all-purpose sand 
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were non-detect of copper and a maximum zinc detection of 38 ppm.  The all-purpose 
sand and all-purpose gravel were mixed in equal measures (volumetrically) to represent 
alluvial sand and gravel, which can be classified as an SW soil in the USCS, well-graded 
sands, gravelly sands, little or no fines.  27 grab samples were analyzed using the XRF to 
characterize the background concentrations of copper and zinc.  Tap water was used to 
saturate the columns prior to sampling. 
A 1.2 m length of 25.4 cm diameter plastic pipe was filled with the sand and 
gravel mixture and a 1.2 cm layer of zinc-spiked filter sand and a 1.2 cm layer of copper-
spiked filter sand were layered as shown on Figure 2.  Water was added to saturate the 
column to the top of the zinc filter sand. The 2.9 cm diameter sampler was used in the 
laboratory study. The sampler was advanced to a depth of 90.5 cm, and 7samples were 
collected, the pipe was emptied and rinsed with tap water, before being refilled with sand 
and gravel. 9 samples were collected with the sampler advanced to a depth of 98.7 cm 
and 11 samples were collected with the sampler advanced to a depth 114.8 cm.  
For this laboratory investigation, an 11.2 kg Bosch electric hammer drill was used 
as a surrogate for the hydraulic hammer typically installed on a Geoprobe direct push rig 
to advance the sampler to the target depth.  After the sampler was advanced to the target 
depth, liquid CO2 was injected into the sampler at three equally spaced locations along 
the length of the sampler for a total of 4 minutes to ensure an even freeze along the 
sampler.  The sampler was then removed and laid across a series of 7.6 cm plastic trays 
and allowed to melt. Each tray was then emptied into a labeled 1.1 liter zippered plastic 
bag. The samples were allowed to air dry for 2 weeks. The sample dry weight was 
recorded before being sieved with a 2 mm sieve. The sum of the weights of the two 
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fractions was compared to the original sample weight as a quality control matter, and the 
less than 2 mm fraction was analyzed with the XRF. Samples were thoroughly mixed 
within the plastic bag by shaking and hand manipulation. Each sample was analyzed for 
30 s by placing the bag directly on the XRF analytical aperture, and the samples were 
mixed between readings.  The arithmetic mean was calculated from three separate 
readings of each sample and was reported as the sample concentration. 
Field Study 
Mining in the Tri-state Mining District began in around 1850 in southeastern 
Missouri and spread to Kansas and Oklahoma. The region was the world leader in the 
production of lead and zinc concentrate until 1945 (Gibson 1972).  The last mine in 
Picher, Oklahoma closed in 1967, but tailings piles are still present throughout the area. 
Natural fluvial processes have transported the mine waste into and through local streams 
including the Spring River and its tributaries, Center Creek, Turkey Creek, Shoal Creek, 
and others. Many of the waterways in the old Tri-State Mining District of Missouri, 
Oklahoma, and Kansas have high concentration of lead, zinc, cadmium and other heavy 
metals due to mine wastes. Field samples were collected for this study from the Spring 
River in Kansas and Missouri, and three of its tributaries Center Creek, Turkey Creek, 
and Shoal Creek as shown on Figure 3.  Samples were collected from up to four gravel 
bars within each waterway, and multiple samples were collected from each gravel bar.  
Some of the samples were collected from the gravel bars, and some samples were 
collected in-channel adjacent to the gravel bars to evaluate the feasibility of the sampling 
method at submerged locations.  Table 1 summarizes the numbers of samples collected.  
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The 2.9 cm diameter sampler was driven to depths of 5.8 m using a Geoprobe 540UD 
direct push rig mounted on a 1999 F350 Ford Truck and a Giddings GSRT direct push rig 
mounted on a John Deere 5105 Tractor for sampling locations above the waterline. A 
fence post driver was used to manually advance the 2.5cm diameter sampler to depths up 
to 1.4 m at gravel bar and in-channel (submerged) locations.  The field sampling 
procedure was similar to the previously described laboratory procedure except that the 
deionized water was used to rinse loose particles from the sampler immediately after 
removal from the borehole, and more deionized water was used to rinse sediment 
remaining after thawing from the sampler to the sampling pan.  The depth to the static 
water level was recorded at the gravel bar sampling locations.  
 












Spring River 2 39 5.7 0 
Turkey Creek 4 31 3.9 2 
Shoal Creek 4 33 3.6 2 
Center Creek 1 1 1.5 0 
Total 7 104  4 
 
 
Results and Discussion 
Laboratory Study  
The sampler was driven to 90.5 cm for the first experiment.  This positioned the 
sampler so that the copper spiked layer was located within the upper few centimeters of 
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sampler.  Seven samples were collected along the length of the sampler and drive rods as 
shown in Table 2. The number of samples collected was dependent on the length of the 
frozen sediment along the sampler and drive rod.  Copper was only detected in sample 
A4 with a concentration of 71 ppm. The sample was collected at an interval from 60.0 cm 
to 67.7 cm and corresponds to the depth at which the copper spiked layer was located. No 
other samples contained levels of copper above the limit of detection. This indicated that 
the copper spiked sediment did not migrate to lower depths in any detectable amounts.    
Zinc concentrations of 268 ppm were detected in Sample A1 and 189 ppm in 
Sample A2. Sample A1 corresponded to the zinc spiked layer. Samples collected below 
A2 had concentrations above or near the maximum detected background zinc 
concentration of 38 ppm. Those concentrations ranged from 36 ppm to 64 ppm. The zinc 
spiked sediment did likely migrate to lower depths as indicated by the higher 
concentrations but the levels detected were less than 0.5 % of the zinc concentration in 














Table 2 Sample interval and detected concentrations of zinc and copper for geometry A 
  Sample Intervals 
















A1 (Zn spike)  
 
     
44.8 29.6 268 ND(35) 
A2 52.4 44.8 189 ND(35) 
A3 60.0 52.4 56 ND(35) 
A4 (Cu spike) 67.7 60.0 41 71 
A5 75.3 67.7 46 ND(35) 
A6 82.9 75.3 64 ND(35) 
A7 90.5 82.9 36 ND(35) 
ND not detected above minimum level of detection for Cu (35) 
Bold values are those that exceed maximum background 
concentrations of Zinc (38) 
 
 For the second experiment the sampler was driven to 98.7 cm below the top of the 
sediment column. Nine samples were collected along the sampler and drive rods as 
shown in Table 3. This positioned the sampler so that the layer with the copper tracer was 
several centimeters above the length of the sampler. The copper concentration on sample 
B5 from 60.6 cm to 68.2 cm was 362 ppm. This sample location corresponded to the 
location of the copper tracer layer. The next sample was frozen to the upper section of the 
sampler from 68.2 cm to 75.8 cm.  This concentration was 128 ppm and was less than 3% 
of the concentration of the copper in the spiked layer. Copper was detected in sample B6 
at 47 ppm and was only 1% of the concentration of the spiked layer. Copper was below 
the level of detection for the remaining lower samples indicating that it did not migrate 
downward greater than 24 cm in any detectable amounts. 
 Zinc was detected with concentrations of 112 ppm in sample B2 and 155 ppm in 
sample B3. Sample B2 corresponded to the zinc spiked layer. From sample B2 to sample 




Table 3 Sample interval and detected concentrations of zinc and copper for geometry B 
  Sample Intervals 















B1   22.5 14.9 25 ND(35) 
B2 (Zn spike)  37.7 22.5 112 ND(35) 
B3  53.0 37.7 155 ND(35) 
B4  60.6 53.0 36 ND(35) 
B5 (Cu spike)  68.2 60.6 36 362 
B6  75.8 68.2 43 128 
B7 83.4 75.8 33 47 
B8 91.1 83.4 27 ND(35) 
B9 98.7 91.1 53 ND(35) 
ND not detected above minimum level of detection for Cu (35) 
Bold values are those that exceed maximum background 
concentrations of Zinc (38) 
 
 For the third experiment, the sampler was driven to 114.8 cm.  Eleven samples 
were collected along the sampler and drive rods as shown in Table 4. The spiked copper 
layer was 21 cm above the top of the sampler in the column. The average concentration 
in sample C5 was 98 ppm, C6 was 81 ppm, and C7 was 65 ppm. The copper tracer layer 
was located at 61.2 cm. Analysis of the four samples collected from the finned sampler 
indicated that the level of copper in the sediment was below the level of detection. The 
zinc concentrations were elevated near the location of the zinc spiked layer and within 23 







Table 4 Sample interval and detected concentrations of zinc and copper for geometry C 
  Sample Intervals 















C1  23.3 15.7 41 ND(35) 
C2 (Zn spike)  31.0 23.3 101 ND(35) 
C3  38.6 31.0 135 ND(35) 
C4  53.8 38.6 121 ND(35) 
C5 (Cu spike)  69.1 53.8 55 98 
C6  76.7 69.1 30 81 
C7  84.3 76.7 41 65 
C8  91.9 84.3 28 ND(35) 
C9 99.5 91.9 33 ND(35) 
C10 107.2 99.5 28 ND(35) 
C11 114.8 107.2 38 ND(35) 
ND not detected above minimum level of detection for Cu (35) 
Bold values are those that exceed maximum background 
concentrations of Zinc (38) 
 
Samples collected from the rods above the sampler showed significant vertical 
cross contamination from the spiked layers. The lower four samples represent sediment 
collected from the sampler itself. Minimal displacement is observed in these samples. 
Zinc concentrations are near the background concentration present in the sediment. In 
experiment A, copper is detected only in the sample that corresponds to the location of 
the spiked layer. The sampler was driven to 98.7 cm for experiment B which placed the 
spiked copper layer at approximately 8 cm above the sampler. Copper was detected only 
on the upper part of the sampler. In experiment C the sampler was driven the farthest to a 
depth of 114.8 cm. Copper was below the limit of detection for all samples on the 
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sampler. Though vertical cross contamination was observed, the sampler is shown to 
eventually continue past the displaced spiked layers.  
Very small increases in the concentration of zinc from the background levels are 
present in many of the lower samples at concentrations that are less than 0.5% of the 
spiked layer. This is not the case with copper. It shows very little displacement and was 
not detected in many of the lower locations of the sampler. The copper layer, at 5,000 
ppm, is diluted much faster than the zinc layer at 16,000 ppm. This may explain zinc 
detections in the lower layers and not copper although the zinc concentrations are very 
low compared to that of spiked layer.  
Field Study 
 The field study was conducted as complementary study of a larger effort by the 
U.S. Geological Survey and U.S. Fish and Wildlife Service to characterize sediment 
contamination in the Spring River water shed. The sediments were generally classified as 
GM according to the Unified Soil Classification System. The primary difference between 
the laboratory results and the field results was that sediment froze only to the finned 
sampler, and not the sample rods, during the field sampling. This was potentially due to 
the presence of large diameter material, up to cobble size, at and near the ground surface. 
This has been described as armored with limestone and chert cobbles by Pope (2005). 
Samples were not analyzed in the field using XRF techniques. Instead, samples with 
masses exceeding 10 gm were analyzed at on off-site laboratory. 
 The field study results were analyzed to evaluate the correlation between the mass 
of sample recovered and several variables including: sampler diameter, sample depth, 
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sample depth below static water level, fine fraction of sample, and CO2 injection time.  
Both total mass and mass normalized by fine fraction were evaluated as dependent 
variables, and meaningful correlations were not found for any parameter except sample 
diameter and injection time.  
 Figures 4 and 5 show the comparison between the performances of the two 
sampler diameters at different injection times. The 2.9 cm diameter sampler collected an 
average sample size of 117 gm compared to 40 gm for the 2.5 cm sampler. The larger 
sampler recovered samples that were on average 300% larger. The recovery of samples 
over 10 gm for the large diameter sampler was over 80 % out of 115 sampling attempts 
as shown  in Figure 6. The small diameter sampler recovered samples at a rate of 52% out 
of 21 sampling attempts. 
 Figure 4 shows that the mass recovered is significantly insensitive to the CO2 
injection times up to 4 min. The sample masses grouped by CO2 injection times show no 
significant statistical difference using the Kruskal-Wallis Test at a significant level of, p-
value > 0.05. The minimum mass of sample recovered (approximately 20 gm) and the 
25
th
 percentile (approximately 50 gm) is relatively insensitive to CO2 injection times. The 
mass recovered (as characterized by the median and the 75th percentile) does increase 
with increased CO2 injection time.  
Laboratory data showed that samples collected during the experiments were very 
large using 4 min CO2 injection times. The total mass of the collected for experiments A, 
B, and C were 1,656 gm, 3,197 gm, and 3,447 gm respectively. The size of the recovered 




Cross contamination of samples was observed during the laboratory study, but the 
potential for contamination of samples by more contaminated material located higher in 
the sediment column can be minimized by collecting samples strictly from the sampler.  
Samples comprised of material frozen to the rods above the sampler appear to be not 
representative.  The downward displacement of the spiked layer could be a result of the 
creation of sediment layer curvature due to the penetration of the sampler similar to 
observations made by Sheng et al (2005) in their pile study, debris falling into the 
borehole or a combination of the two. This suggests that the best practice for vertical 
characterization of heavy metals contamination at a single location is to offset borings for 
each vertical interval sampled. Very high concentrations of contaminant can easily be 
dragged along the sampler shaft due to the sheer volume of material. The fraction of 
sediment that is displaced appears to be a function of the initial concentration of the 
element in the displaced sediment and the distance of the sample from the original layer 
of the displaced sediment. This may be due to a dilution effect of the sediment as 
displacement occurs.  
Samples should only be collected from the sampler and not the sampling rods. 
The least disturbed area of the sampler is at the lower 15 cm of the sampler near the tip. 
This is sediment that has been in contact with the sampler for the least amount of time 
and has experienced the least amount of shear from contact with the advancing sampler. 
Samples taken from this range are likely a composite sample of sediment layers less than 
23 cm from the bottom of the sampler. This range increases as distance from the bottom 
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of the sampler increase. This range is acceptable when the sampling interval is 0.3 m or 
more.  
Samples should also be collected from two offset boreholes at 0.6 m or more 
intervals. The laboratory data shows that the vertical cross contamination occurs during 
the first drive. Additional driving will drag sediment further. The sampler will continue to 
disturb the sediment with each consecutive drive. An interval of 0.6 m would allow the 
sampler to penetrate through undisturbed sediment greater than 23 cm.  Sampling should 
not be done at 0.3 m intervals within the same borehole. Two offset boreholes will 
greatly minimize cross contamination.  
The field study showed that the 2.9 cm diameter sampler is more effective at 
recovering sample mass relative to the 2.5 cm diameter.  The study results showed that 
the 2.9 cm diameter sampler recovered sufficient sample volume for analysis 80 percent 
of the time.  
There was no benefit in terms of sample mass recovered for CO2 injection greater 
than 1.5 min. An injection time of 1.5 minutes may provide a good balance of mass 
recovery and the conservation of CO2 from the standpoint of time and cost. The average 
9.1 kg tank can inject CO2 for approximately 10 minutes. A shorter injection time can 
greatly increase the life of the tank without sacrificing sample mass recovery.  
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The modification to freeze core sampling works in field conditions and cross 
contamination between layers can be minimized to insignificant amounts. Samples 
should only be collected from the sampler and not the sampling rods. The least disturbed 
area of the sampler is at the lower 15 cm of the sampler near the tip. This is sediment that 
has been in contact with the sampler for the least amount of time and has experienced the 
least amount of shear from contact with the advancing sampler. Samples taken from this 
range are likely a composite sample of sediment layers less than 23 cm from the bottom 
of the sampler. This range increases as distance from the bottom of the sampler increase. 
This range is acceptable when the sampling interval is 0.3 m or more.  
Samples should also be collected from two offset boreholes at 0.6 m or more intervals. 
The laboratory data shows that the vertical cross contamination occurs during the first 
drive. Additional driving will drag sediment further. The sampler will continue to disturb 
the sediment with each consecutive drive. An interval of 0.6 m would allow the sampler 
to penetrate through undisturbed sediment greater than 23 cm.  Sampling should not be 
done at 0.3 m intervals within the same borehole. Two offset boreholes will greatly 
minimize cross contamination.  
The field study showed that the 2.9 cm diameter sampler is more effective at 
recovering sample mass relative to the 2.5 cm diameter.  The study results showed that 
the 2.9 cm diameter sampler recovered sufficient sample volume for analysis 80 percent 
of the time.  
There was no benefit in terms of sample mass recovered for CO2 injection greater 
than 1.5 min. An injection time of 1.5 minutes may provide a good balance of mass 
recovery and the conservation of CO2 from the standpoint of time and cost. The average 
9.1 kg tank can inject CO2 for approximately 10 minutes. A shorter injection time can 
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